Introduction
The human major histocompatibility complex (MHC), also known as the human leukocyte antigen (HLA) complex, is a 3.6 Mb high-density gene region located at 6p21.3 with more than 200 genes, representing approximately 2.5% of chromosome 6.
1,2 The HLA-G gene is a non-classical class I HLA loci and is composed of eight exons and seven introns with a stop codon at exon 6, a 5 0 promoter region extending at least 1.4 kb from ATG 3 and a 3 0 untranslated region (3 0 UTR). Human leukocyte antigen G is predominantly expressed at the maternal-fetal interface, particularly in the extravillous cytotrophoblast cells, and has primarily been associated with maternal-fetal tolerance. 4 HLA-G is involved in the inhibition of maternal cytotoxic T lymphocyte and natural killer cytolytic functions, 5 thereby preventing proliferation of CD4 þ T cells 6 and tolerizing dendritic cells. 7 In pre-implantation embryos, HLA-G is expressed early during pregnancy and the pattern of HLA-G expression seems to be positively associated with implantation outcome. 5 Apart from pregnancy, HLA-G expression in non-pathological conditions is present at low levels in the thymus, the cornea, the proximal nail matrix, the pancreas and hematopoietic cells. In pathological situations, HLA-G expression is observed in tumors, viral infections, inflammation and autoimmune diseases, grafted tissues, among others. 4 Human leukocyte antigen-G molecules may protect cells from natural killer cell-mediated cytolysis through interactions with specific killer immunoglobulin-like receptors expressed on NK cells and T lymphocytes, including the immunoglobulin-like transcripts LILRB1 (leukocyte immunoglobulin-like receptor, subfamily B, with TM and ITIM domains, member 1; ILT-2; CD85j), LILRB2 (leukocyte immunoglobulin-like receptor, subfamily B, with TM and ITIM domains, member 2; ILT-4; CD85d), and KIR2DL4 (killer cell immunoglobulin-like receptor, two domains, long cytoplasmic tail, member 4; CD158d). [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Dendritic cells are also inhibited by interaction with ILT-2 and ILT-4. 18 ILT-2 and ILT-4 also interact with other class I HLA molecules but the highest affinity is for HLA-G 19 and KIR2DL4 is a specific receptor for HLA-G. 4, 14, 17, 20, 21 The presence and consequent interaction of these receptors with HLA-G may inhibit cytotoxic T lymphocyte and NK activity. In contrast to the classical HLA class I loci, limited HLA-G variability has been observed in worldwide populations. 22 At present, 42 HLA-G alleles have been recognized by the International Immunogenetics Information System. Brazilians represent one of the most heterogeneous populations in the world as the result of five centuries of inter-ethnic crosses among the European colonizers, mainly represented by the Portuguese, the African slaves and the autochthonous Amerindians. 23 For that reason, this population has presented the largest HLA-G variability already detected. 22, 24, 25 In spite of the reduced variability in the HLA-G coding region, a high degree of variation is observed in the promoter region 26 and 3 0 UTR, both influencing the HLA-G expression levels. At least two variations in 3 0 UTR are associated with the regulation of HLA-G expression levels: the 14-bp deletion/insertion polymorphism, which influences messenger RNA (mRNA) stability [27] [28] [29] [30] and the presence of guanine in the position þ 3142, which increases the affinity of specific microRNAs (miRNA) to the HLA-G mRNA, decreasing HLA-G expression. 31, 32 Among the 3 0 UTR polymorphisms associated with diseases, it should be pointed out that the 14-bp insertion is associated with systemic lupus erythematosus, 33 in vitro fertilization failure, 34 acute rejection in kidney transplantation, 35 pre-eclampsia and recurrent spontaneous abortion, 36 the 14-bp heterozygosity is associated with lower systemic lupus erythematosus disease activity indexes 37 and the 14-bp deletion with juvenile idiopathic arthritis. 38 However, the role of the 14-bp polymorphism in pre-eclampsia remains controversial. 39, 40 Although these studies demonstrate the importance of the 3 0 UTR in the expression profile of the HLA-G locus, this region has not been completely characterized in a heterogeneous population such as the Brazilians. Given that, the variability of the 3 0 UTR of the HLA-G gene and its haplotype structure was characterized in a sample of individuals from the State of São Paulo, southeastern Brazil.
Subjects and methods

Subjects
The Local Research Ethics Committee approved the protocol of the study, and all participants gave written informed consent before blood withdrawal. A total of 155 healthy unrelated bone marrow donors from different regions in the State of São Paulo, southeastern Brazil, were randomly selected and the DNA was obtained. The present sample (mean age ¼ 32.99±8.12 years) was composed mainly by males (76.13%), which is a reflex of the higher proportion of males in our donor's sample. According to their skin pigmentation intensities, which were visually determined by a single evaluator, individuals were classified as Euro-Brazilians (78.70%), mulattoes (11.61%), Afro-Brazilians (9.03%) and Asians (0.65%). These proportions are in agreement with expectations for the urban population of the State of São Paulo, given its ethnic composition. 41 It should be emphasized that in this classification scheme, ancestry or phenotypic characters other than the skin color have a secondary role. The PCR products were directly sequenced in an ABI310 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) using the reverse primer HLAG8R to prevent sequence overlaps in heterozygous 14-bp samples. All single-nucleotide polymorphisms (SNPs) detected were individually annotated.
The presence of a significant association between each SNP detected at the 3 0 UTR of the HLA-G gene was evaluated by means of a likelihood ratio test of linkage disequilibrium (LD), 43 using the ARLEQUIN version 3.1 program. 44 Given the positive association but unknown gametic phase, the PHASE method 45 and expectationmaximization (EM) algorithm 46 were used to infer 3 0 UTR haplotypes, as described below.
Haplotyping using the EM algorithm and the PHASE method The EM algorithm 46 and the PHASE method 45 were used to determine the most probable haplotype constitution of each sample, by using the software Arlequin 3.11 44 and PHASE v2 software, 45 respectively. A database containing all SNPs identified at the 3 0 UTR of the HLA-G gene was loaded into the software and the analyses were carried together with the following parameters: for the EM algorithm, e value: 1e À7 , number of starting points: 100, maximum number of interactions: 5000, s.d. estimated thorough 5000 bootstrap and 50 starting points. For the PHASE method, iterations in the final run increased 10 times, number of iterations: 1000, thinning interval: 1, burn-in value: 100, d value for each locus: 1, and using 10 independent runs to obtain the best average goodness-of-fit. Independent runs with different seed values provided the same results by the PHASE method. Polymerase chain reaction products were directly sequenced in an ABI310 Genetic Analyzer (Applied Biosystems) using the primer HGSEKE2F: 5 0 -GCCCTGA CCCTGACCGAGACCT-3 0 for exon 2, SEKHGEX3: 5 0 -GG TGKGTCCGGGCGAGGGCGAGGCT-3 0 and HGSEKE3R: 5 0 -TCAGGACCAGAGGGAGGGCGATA-3 0 for exon 3, HLAGEX4A: 5 0 -CCATGASAGATGCAAAGTGCT-3 0 and HGSEKE4F: 5 0 -AGGTATCTGGTTCATTCTTAGGA-'3 for exon 4, HG01F for intron 1 and SekInt3.F: 5 0 -AGAACGG GAAGGAGATGCTG-3 0 and SekInt3.R: 5 0 -GGCCTCATA GTCAAAGACAGG-3 0 for intron 3. Primers SEKHGEX3 and HLAGEX4A were adapted from a previous paper. 47 All the sequences obtained from each sample (homozygous and heterozygous ones) were aligned with the genomic sequences of the official alleles recognized by the International Immunogenetics Information System and each SNP detected was individually annotated. The SNPs were evaluated using the SNPex software (http:// www.fmrp.usp.br/immunogen/snpex), designed to determine the HLA-G alleles present in each sample. As some heterozygous samples may have more than one possible allele combination or new alleles, the EM algorithm and PHASE method were also used to check the constitution of the HLA-G alleles of each individual. The methodology used in this study did not allow the discrimination between the G*01010101 and G*01010102 alleles, which differ only by a single base at the position þ 2838 according to the International Immunogenetics Information System/HLA database.
HLA-G allele assignment
The presence of a significant association between HLA-G alleles and the polymorphisms at the 3 0 UTR of the HLA-G gene were evaluated by means of a likelihood ratio test of LD 43 using the ARLEQUIN version 3.11 program. 44 Given the positive association but unknown gametic phase, the PHASE method and EM algorithm were also used to determine the association pattern between the 3 0 UTR haplotypes and HLA-G alleles, using the same approach described earlier.
Other statistical analysis Allelic frequencies and observed heterozygosity (h O ) were computed by the direct counting method. Adherences of genotypic proportions to expectations under Hardy-Weinberg equilibrium were tested by the exact test of Guo and Thompson 48 employing the GENEPOP 3.4 software. 49 The expected heterozygosity values (h Sk ) and haplotype diversity as well as their s.d. were estimated by the ARLEQUIN 3.11 program. 44 
Results
Considering all samples (n ¼ 155), 8 variation sites were detected in the 3 0 UTR region, among them the 14-bp insertion/deletion polymorphism (accession number: rs1704, http://www. ncbi.nlm.nih.gov/) and the SNP þ 3142G/C (accession number: rs1063320), known to be relevant in HLA-G expression control. In addition, six other SNPs were detected in the positions þ 3003T/C (accession number: rs1707), 29 nucleotides downstream the 14-bp fragment insertion site, þ 3010C/G (accession number: rs1710), þ 3027A/C (accession number: rs17179101), þ 3035C/T (accession number: rs17179108), þ 3187A/G (accession number: rs9380142), þ 3196C/G (accession number: rs1610696) and two previously identified (AU)-rich motifs 50 ( Figure 1 ). All these variation sites were already listed in the National Center for Biotechnology Information database. Table 1 shows the allele and genotype frequencies of these polymorphisms. All the genotypes did fit the Hardy-Weinberg equilibrium expectations (Table 1 ).
An exact test of LD indicated strong LD (P o 0.05) between pairs of polymorphic sites (Table 2) , indicating high LD among all variation sites, except between the SNP þ 3027 with þ 3003 or þ 3196.
The PHASE method and the EM algorithm did estimate haplotypes with a mean probability (considering the probability of the most probable haplotype pair estimated for each sample) of 0.9978 and 0.9994, respectively. The lowest probability value, taking into account all samples was 0.9850, for both methods. The maximum probability value (1.0) was reached for almost Figure 1 Genetic structure of the 3 0 untranslated region of the human leukocyte antigen G (HLA-G) locus.
HLA-G
In addition, all samples had the same haplotypes estimated by the EM and PHASE methods, which assures the reliability of such an inference procedure. The haplotype analysis revealed 11 different haplotypes in the 3 0 UTR of the HLA-G locus, with frequencies ranging from 0.64% to 25.81% (Table 3) . Of those, only eight haplotypes presented frequencies higher than 1%. The haplotype diversity in the analyzed sample was 0.8294±0.0093. It is interesting to note that 50% of the 3 0 UTR haplotypes were represented by two equally frequent haplotypes (designated here as UTR-1 and UTR-2) that differ in five out of eight variation sites found at the 3 0 UTR. After the HLA-G allele assignment, 16 HLA-G alleles were found in this urban population (all of them already recognized by the International Immunogenetics Information System) ( Table 3) . However, three different typing ambiguities were found, occurring in 8 out of the 108 samples (7.40%) used in the HLA-G allele evaluation, involving high-frequency alleles as a first possible genotype and low-frequency alleles as a second possible genotype. These ambiguities could not be resolved using intron sequences as most of the lowfrequency alleles do not have an official sequence for introns. Given that, these samples were not considered in the HLA-G allele and the 3 0 UTR haplotype association analysis.
An interesting finding involves the three SNPs þ 3003, þ 3027 and þ 3187, in which the þ 3003C allele is associated with only one haplotype (UTR-4), mainly associated with the G*01010105 allele and the þ 3027A allele is associated with only one haplotype (UTR-7) that was found to be mainly associated with the G*010103 allele. Likewise, the þ 3187G allele occurs in only one very common haplotype (UTR-1), which is by far the most common UTR haplotype of the G*01010101 or G*01010102 alleles (Table 3) .
It is also worth mentioning that some HLA-G alleles, such as G*010103, G*010108, G*01010201, G*0103, G*010401, G*010404 and G*0105N occur associated with a single 3 0 UTR haplotype, and the G*010401, G*010403 and G*010404 alleles are associated with the same 3 0 UTR haplotype (UTR-3), which seems to be exclusive for the G*0104 allele group.
Discussion
In this study, we carried out an analysis of the 3 0 UTR of the HLA-G locus in randomly selected bone-marrow donors from southeastern Brazil. The 3 0 UTR presented eight variation sites, including the 14-bp fragment deletion/insertion polymorphism and the SNP þ 3142 (Figure 1) . The functional mRNA level of a particular gene is regulated by the rate of synthesis as well as by the rate of degradation of the specific mRNA. 50 In this context, a recent report has demonstrated that the presence of a guanine in position þ 3142 may influence the expression of HLA-G locus by increasing the affinity of the miRNAs miR-148a (miR148a), miR-148b (miR148b) and miR-152 (miR152) to 3 0 UTR of HLA-G mRNA. 31 miRNAs are non-coding RNAs with approximately 22 nucleotides that may negatively regulate the gene expression by translation suppression or RNA degradation. 32 The presence of a guanine at position þ 3142 would increase the strength of the association between these miRNAs and HLA-G mRNA, decreasing HLA-G expression. The same report has identified a high LD between the 14-bp polymorphism and the SNP þ 3142, 31, 32 which was confirmed in this study. Moreover, the 14-bp polymorphism may also be associated with HLA-G expression levels 51 and with HLA-G 3 0 UTR: polymorphisms and haplotypes EC Castelli et al HLA-G mRNA stability. [27] [28] [29] [30] HLA-G alleles presenting the 14-bp sequence (Figure 1 ) have been associated with lower mRNA production for most membrane-bound and soluble isoforms in trophoblast samples. 29 On the other hand, a fraction of the HLA-G mRNA transcripts that include the 14-bp insertion is further processed by the removal of the first 92 bp of exon 8 29 (which include the SNPs þ 3003 and þ 3010), resulting in HLA-G transcripts that have been reported to be more stable than the complete mRNA forms. 30, 32 All these studies point to the importance of the 3 0 UTR in the expression profile of the HLA-G locus.
It is remarkable that the presence of 14-bp insertion is always associated with the presence of a guanine at position þ 3142 in the present sample (Table 3) . Although previous reports have described a negative influence of both alleles in the HLA-G expression by different mechanisms in vitro, we may suggest that these effects may not be independent in vivo, with both polymorphisms influencing the HLA-G expression level with an additive effect of these alleles. Further HLA-G functional studies are needed to elucidate the consequence of this association.
The observed frequency of the 14-bp deletion in the present sample (Table 1 ) and the association between 14-bp polymorphism and HLA-G alleles (Table 3) are compatible with a previous report in another sample of the same Brazilian population, in which the alleles G*01010201, G*010103, G*0103, G*0105N and G*0106 carry the 14-bp insertion and any allele of the G*010101 or G*0104 allelic groups carries the 14-bp deletion. 22, 24 In addition, we have determined the 3 0 UTR haplotype of the rare alleles G*0109 and G*010114, both associated with 14-bp insertion (UTR-2). Recently, a report has established another variation site in 3 0 UTR that may influence HLA-G mRNA stability, in which the presence of an adenine at position þ 3187 is associated with decreased mRNA stability in vitro, thereby leading to a decreased HLA-G expression. 50 This SNP is found 4-bp upstream an AUUUA motif (Figure 1 ) which has been recognized as an (AU)-rich motif sequence that mediates mRNA degradation. According to the haplotype analysis (Table 3) , the allele þ 3187G is associated with only one 3 0 UTR haplotype (UTR-1), which is mainly associated with the most common HLA-G allele G*01010101/02. It is noteworthy that the 14-bp insertion was always accompanied by þ 3142G and þ 3187A alleles, both previously associated with low mRNA availability ( Table 3 ), indicating that the lower mRNA production associated with 14-bp insertion 29 might be a consequence of the presence of these polymorphisms. 32 It is interesting to note that there is an SNP at position þ 3196, immediately downstream the AUUUA motif described above (Figure 1 ) presenting a high frequency of the C allele (74.19%) in this sample, which is in agreement with samples from Europe (66.4%), Asia (84.4%) and sub-Saharan Africa (78.8%) (http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs ¼ 1610696).
Several studies have shown that HLA-G production is related to polymorphisms at the HLA-G locus. The pattern of variation at HLA-G promoter region is characterized by two divergent lineages of promoter haplotypes that are maintained by balancing selection in The sum of the frequency of all HLA-G alleles is 0.927. The remaining 0.073 is related to typing ambiguities. The frequency of the G*01010105 allele is 0.111 (sum of both G*0101015/UTR-4 and G*0101015/UTR-6 haplotypes). e Group of all haplotypes with frequency lower than 1%.
HLA-G 3
0 UTR: polymorphisms and haplotypes EC Castelli et al worldwide human populations. These two divergent lineages may have different promoter activity and might be involved in a fine balance between high-expressing and low-expressing HLA-G haplotypes. 26, 52 Regarding the HLA-G 3 0 UTR region, the two most frequent 3 0 UTRs (UTR-1 and UTR-2) are very different from each other (they differ in five out of the eight polymorphic sites), illustrating a scenario that resembles the one observed for HLA-G promoter region. 26 Moreover, a small sample of 3 0 UTR sequence data from non-human primates 53 revealed that Old World Monkeys and Great Apes present exclusively UTR-5 and UTR-3, respectively, which are not so frequent in humans (Table 3) . However, it is noteworthy that two different neutrality tests (Ewens-Watterson and Tajima's D) revealed non-significant results (data not shown), indicating the absence of selective pressures acting at the HLA-G 3 0 UTR region in this population sample. These results may be, however, obscured by the population history that characterizes this Brazilian urban population. The analysis of worldwide autochthonous population samples should be carried out.
A previous report has suggested that some HLA-G alleles are associated with high-, intermediate-and lowexpression profiles of soluble HLA-G. The G*010103 and G*0105N alleles were considered as low secretors, G*0104 (most represented by the G*010401 allele) as high secretor and G*010101 and G*010102 (both with no intron specificity) as intermediate secretors. 51 In this context, some HLA-G alleles are associated with specific promoter sequences, which may explain the possible association between the alleles and HLA-G production. However, considering that the promoter region encompassing the nucleotides À1279 out of À979 and À766 out of À256 of the G*010103 (low producer) and G*010401 (high-producer) only differ in 3 out of the 21 known polymorphic sites (data not shown), and that both alleles belong to the same promoter lineage as previously defined, 26 such differential expression profiles cannot be fully explained only by the promoter polymorphisms.
The relationship between HLA-G alleles and HLA-G expression profile may also be explained by the fact that the G*010103 (UTR-7) and G*010401 (UTR-3) alleles have different 3 0 UTR haplotypes that differ in three out of eight variation points, including the 14-bp polymorphism. Moreover, UTR-7 is the only haplotype carrying the þ 3027A allele and one of the haplotypes carrying the rare allele þ 3035T. Given that, it is plausible to suppose that the variation in the 3 0 UTR of such alleles is responsible for such a difference in the soluble HLA-G level. Functional studies may be carried out to corroborate this hypothesis.
Even though the 14-bp, þ 3142G/C and þ 3187G/A polymorphisms have been previously related to HLA-G expression as determined by functional experiments, we may propose that the influence of those polymorphisms is not carried out independently in vivo, once the presence of the 14-bp insertion, for example, is always associated with the presence of the alleles þ 3142G and þ 3187A, all previously associated with low HLA-G mRNA availability. In this context, it is plausible to infer that any 3 0 UTR haplotype (UTR-2, -5, -7 and -8) presenting these alleles (14-bp insertion, þ 3142G and þ 3187A) may be associated with 3 0 UTR control mechanisms leading to low mRNA availability, whereas the high mRNA availability may be primarily observed for UTR-1/G*01010101 allele, associated with the 14-bp deletion, þ 3142C and þ 3187G. In addition, most of the polymorphic sites found in 3 0 UTR of HLA-G gene might influence HLA-G expression by the same mechanism discussed above (influencing miRNAs affinity or the stability of the mRNA). Given that the þ 3003, þ 3010, þ 3027 and þ 3035 SNPs encompass a region of only 32 nucleotides, any miRNA that is eventually involved in regulating HLA-G expression by affinity to these UTR regions could be influenced by the presence of two or more mismatches in the miRNA seed. As the variation in the promoter region per se does not fully explain the differential expression profile observed for several HLA-G alleles, the detailed analyses of 3 0 UTR of the HLA-G locus may shed some light into the mechanisms underlying HLA-G expression control.
